We analyzed the human monocyte-stimulating ability of laminarin from Eisenia bicyclis, lichenan from Cetraria islandica, and their oligomers depolymerized with endo-1,3--glucanase from Arthrobacter sp. The respective -glucan oligomers with different degrees of polymerization (DP) were fractionated from hydrolytic products of laminarin and lichenan using gel-filtration chromatography. The monocyte-conditioned medium pre-cultured in the presence of a fraction of -glucan oligomer (DP 8) from laminarin exhibited inhibitory activity against the proliferation of human myeloid leukemia U937 cells, while those pre-cultured with other -glucan oligomers and the original laminarin and lichenan showed little or no activity. NMR analysis indicated that the -glucan oligomer (DP 8) has an average DP value of 13, and its ratio of -1,3-to -1,6-linkages in glucopyranose units was estimated to be 1.3:1. These results indicate that the -1,3-glucan oligomer with a higher content of -1,6-linkage stimulates monocytes to inhibit the proliferation of U937 cells.
-Glucans are mainly distributed among fungi, brown seaweed, lichen, and barley as cell wall components of fungi or plant storage substances. It has been reported that -glucans, which have -1,3-linkages in the main chain with additional -1,6-branches, possess antimicrobial or antitumor activities by enhancing the host immune function. They also activate macrophages, neutrophils, and NK cells by binding to the -glucan receptor on these cells. 1, 2) The binding of -glucan to its receptor triggers phagocytosis, respiratory bursts, and secretion of cytokines such as TNF-and IL-1.
The immunological activities of -glucans are considered to depend on the structure of glucans, including the molecular mass, degree of branching, length of branch, and higher order structure. [3] [4] [5] There are numerous reports on the structure-activity relationship of immunomodulating -glucans. [6] [7] [8] [9] [10] [11] But most of theglucans analyzed to date have relatively high molecular masses, and only limited information is available onglucan with low molecular mass in terms of its immunomodulatory function in correlation with its structure. For clinical utility, low molecular massglucan is useful due to its increased solubility. [12] [13] [14] Recently, it was reported that monocyte-conditioned medium pre-cultured in the presence of a hydrolytic product, degree of polymerization ðDPÞ ! 4, from laminarin derived from Laminaria digitata, had strong inhibitory activity against proliferation of human leukemia U937 cells, while the original laminarin had little activity. 15) Recently we purified and characterized endo-1,3--glucanase from Arthrobacter sp. 16) In the present study, we applied this enzyme to hydrolyze laminarin from Eisenia bicyclis (LB) and lichenan from Cetraria islandica (LI), and tested whether the monocyte-conditioned medium pre-cultured with the hydrolytic products possesses inhibitory activity against proliferation of U937 cells. In contrast to laminarin from Laminaria digitata, LB has a higher content of -1,6-branches, while LI has linear -1,3-and -1,4-linkages without branching (Table 1 ). In the proliferation experiments using U937 cells with a monocyte-conditioned medium, we found that the DP ! 8 fractioned oligomer, from the hydrolytic products of LB by gel-filtration chromatography, stimulated monocytes to inhibit proliferation of U937 cells. We further characterized thisglucan oligomer (DP ! 8) using NMR spectroscopy, showing structural information regarding the average DP value and the average ratio of the branched structures.
Materials and Methods
Materials. Laminarin from Eisenia bicyclis (LB) and lichenan from Cetraria islandica (LI) were purchased from Nacalai Tesque (Kyoto, Japan) and Sigma (St. Louis, U.S.A.), respectively. Standard -1,3-glucan oligomers, laminaritriose, laminaripentaose, and laminariheptaose, were purchased from Seikagaku Kogyo (Tokyo, Japan). Human myeloid leukemia U937 DE-4 cell line RCB0435 was purchased from the Riken Cell Bank (Ibaraki, Japan). Human peripheral blood was obtained from a healthy donor.
Preparation of hydrolytic products of -glucans with endo-1,3--glucanase. LB was dissolved in 10 mM potassium phosphate buffer (pH 7.0). LI was suspended in the same buffer, followed by boiling for 10 min to dissolve to the phosphate buffer. Each 10 ml of 1% -glucan solution was reacted with endo-1,3--glucanase (0.2 units, 16 mg), highly purified from Tunicase Ò (Daiwa Kasei, Shiga, Japan), as described previously, 16) for 3 h at 30 C with slight shaking. The reaction was stopped by boiling the solution in a water bath for 5 min, and the supernatant was sterilized using 0.2 mm Millipore filters.
Each reaction mixture was loaded onto SephadexÔ G-15 gel-filtration chromatography (bed volume, 300 ml) (Amersham Biosciences, Piscataway, U.S.A.) and eluted to 4.0 ml of each fraction with distilled water at a flow rate 16 ml/h. The reducing powers of eluted fractions were analyzed by the Somogyi-Nelson method, 17, 18) in which the absorbance at 600 nm was measured with a Shimadzu UV-1600 spectrophotometer. The saccharide components were analyzed by thin-layer chromatography (TLC) using Silicagel 70 F 254 (Wako Pure Chemical Industries, Osaka, Japan) with ethyl acetate/acetic acid/water (2:2:1, v/v) as a solvent at 40 C. Saccharides developed on the plate were visualized with orcinol ferric chloride spray reagent at 100 C for 15 min. On the basis of the DP distributions determined by TLC, some fractions of gel filtration were combined into 3-4 groups and concentrated by vacuum rotating evaporation at 50 C. The amounts of saccharides in each group were analyzed by phenolsulfuric assay. 19) Preparation of monocyte-conditioned medium. Human peripheral blood monocytes were isolated by centrifugation on a density gradient of Ficoll-PaqueÔ Plus (density 1.077 g/ml; 20 C) (Amersham) and its adherent property. A heparinized human peripheral blood sample was diluted with an equal volume of RPMI 1640 medium (Dainippon Pharmaceutical, Osaka, Japan), and 4.8 ml of the diluted blood was carefully layered on top of a centrifugation tube (1:5 Â 12 cm) that contained 3.6 ml of Ficoll-PaqueÔ Plus, followed by centrifugation at 400 Â g for 40 min at 18 C. The cloudlike layer in the middle of the tube between the two bands was collected and washed twice with the medium by centrifugation at 100 Â g for 10 min. The precipitate was suspended in the RPMI medium with 10% fetal bovine serum (FBS) and incubated in a plastic dish (9 cm) coated with heat-inactivated human serum at 37 C for 1.5 h in a humidified 5% CO 2 incubator. After supernatants were removed, the adherent monocytes were washed twice with a cooled medium containing 10% FBS. To harvest the cells, a cooled chelate solution of 0.2% EDTA in the medium with 5% FBS was added to the dish and subsequently incubated at 4 C for 40 min.
20)
The adherent cells were collected from the dish by jetting the medium using a pipette and then washed twice with the medium by centrifugation at room temperature. 
a Laminarin from E. bicyclis and lichenan from C. islandica were used in this study. Laminarin from L. digitata is referred as another laminarin, and the cytotoxic activity induced by it or its hydrolytic products has been reported. Monocytes containing about 1:25 Â 10 4 cells/dish were cultured in the RPMI medium with 10% FBS in the presence of -glucans at a concentration of 1 mg/ml. After 24 h of incubation at 37 C, the culture supernatants were sterilized using 0.2 mm Millipore filters and then used as a monocyte-conditioned medium.
Assays for the effects of monocyte-conditioned medium on the proliferation of U937 cells. Prior to use, U937 cells were washed twice with RPMI medium containing 10% FBS by centrifugation. U937 cells in 450 ml of the RPMI medium containing 10% FBS were mixed with 50 ml of a monocyte-conditioned medium in 48-well plates (Iwaki, Tokyo, Japan) and cultured at 37 C for 72 h in a CO 2 incubator. The initial concentration of U937 cells was adjusted to 1:0 Â 10 5 cells/ml, and the assays were performed with four replications. The number of viable cells was counted after 72 h incubation using the trypan blue dye exclusion test (Nacalai) with a hemacytometer (Erma, Tokyo, Japan).
NMR measurements for determination of the average structure of -glucan oligomer. 
Results and Discussion
First we analyzed the average DP value of the LB used in this study because laminarin is polydisperse, displaying a degree of structural heterogeneity, [21] [22] [23] [24] and information on LB is not available even at the commercial level. The experiments using the Somogyi-Nelson and phenol-H 2 SO 4 methods showed that the apparent DP value of LB was approximately 152 when laminaritriose (DP ¼ 3), laminaripentaose (DP ¼ 5), laminariheptaose (DP ¼ 7), and laminarin from Laminaria digitata (DP ¼ 36) were used as standardglucans. Because the terminus unit of the main chain of laminarin from Laminaria digitata consists of the glucose reducing end or mannitol non-reducing end in a ratio of 1:3, 11,23) the experimentally determined value (DP ¼ 144) was divided by 4, and the calculated value (DP ¼ 36) was in good agreement with its molecular weight, reported previously. 25) On the assumption that the ratio of mannitol to glucose at the terminus of the LB main chain is similar to that of laminarin from Laminaria digitata, the average DP value of LB was estimated to be 38 (152/4). This estimation was in good agreement with the results obtained by both gel-filtration and NMR analysis, in which the molecular weight of LB was slightly greater than that of laminarin from Laminaria digitata (data not shown).
The hydrolytic products of -glucans from LB and LI, digested with endo-1,3--glucanase from Arthrobacter sp., were fractionated by gel-filtration chromatography (Fig. 1) . To determine the DP distributions of hydrolytic products in the respective fractions, TLC experiments were conducted. Because the smaller number fractions below 34 did not migrate from the original point in the TLC experiments, they were removed for further analysis. In the larger number fractions over 46 of LB and 49 of LI, only the glucan of DP ¼ 3 or DP ¼ 1, not DP ¼ 2, was eluted, suggesting that endo-1,3--glucanase from Arthrobacter sp. has preferential cleaving sites that do not generate DP ¼ 2 from either LB or LI. 16) Considering that the smaller DP glucans have little immunological effectiveness, the larger DP glucans were collected and used for further assays. On the basis of the DP distributions on TLC experiments, the eluates of gel filtration were combined into 3 and 4 groups for LB and LI respectively, which were designated LB-1, -2, and -3, and LI-1, -2, -3, and -4 respectively ( Table 2 ). The TLC experiments showed that neither LB-1 nor LI-1 contained glucans below DP ¼ 7 (data not shown), indicating a mixture of hydrolytic products, DP ! 8.
In the presence or absence of the original LB and LI and the fractioned oligomers from their hydrolytic 
. Gel-Filtration Profiles of Hydrolytic Products from LB (A) and LI (B).
The reducing powers of -glucan oligomers in the respective fractions were analyzed using the Somogyi-Nelson method, and are indicated on the Y-axis. The DP distributions of the respective fractions were analyzed by TLC experiments, and the fractions were combined into 3-4 groups, as shown in Table 2. products, a monocyte-conditioned medium was prepared as described in ''Materials and Methods'', and its effect on inhibitory activity against the proliferation of U937 cells was analyzed (Fig. 2) . The monocyte-conditioned medium pre-cultured in the presence of either LB or LI itself showed little or no inhibitory activity. In contrast, the monocyte-conditioned medium pre-cultured in the presence of LB-1 inhibited the proliferation of U937 cells. Other hydrolytic products, which contained small amounts of larger DP glucans, showed little or no monocyte-stimulating activity, indicating that the contamination of larger glucans had no effect on monocytes. To analyze the direct effect of LB-1 itself on proliferation, various concentrations of LB-1 (50 to 200 mg/ml) were added to U937 cells in the growth medium, and no direct effect of LB-1 on the proliferation of U937 cells was observed (data not shown). These results suggest that LB-1 can stimulate monocytes to produce cytokines to inhibit the proliferation of U937 cells, as was reported for -glucans previously. 5, [7] [8] [9] [10] [11] 15) It should be noted that LB-1, the hydrolytic product of laminarin from Eisenia bicyclis, which has a higher content of -1,6-linkage relative to that of laminarin from Laminaria digitata, can stimulate monocytes to inhibit the proliferation of U937 cells. To get more precise information on the average structure of LB-1, NMR techniques were applied. The 1 H and 13 C NMR spectra of LB-1 are shown in Fig. 3 . The assignments of 1 H and 13 C signals were based on the two-dimensional COSY, NOESY, and HSQC experiments in comparison with the data on laminarin from Laminaria digitata and related compounds, reported previously. 26) The 1 H signals at 5.28, 4.78, 4.68, and 4.56 ppm were assigned to be H-1 of glucopyranose attributed to the -anomer of the reducing end, the -1,3-linkage, the -anomer of the reducing end, and the -1,6-linkage respectively. The 13 C signals at 104.0, 97.1, and 93.4 ppm were assigned to be C-1 of glucopyranose attributed to the -1,3-and -1,6-linkages, the -anomer of the reducing end, and the -anomer of the reducing end respectively. Based on the respective peak areas at 4.78 and 4.56 ppm on the 1 H NMR spectrum, the ratio of -1,3-to -1,6-linkages in LB-1 was estimated to be 1. the 13 C NMR signals corresponding to C-6 of glucopyranose at the -1,3-linkage (62.2 ppm) and the -1,6-linkage (70.3 ppm), the ratio was also determined to be 1.3:1. These values are reasonable because LB-1 was generated from laminarin, whose ratio of -1,3-to -1,6-linkages is 1.5:1, 22) by digestion with endo-1,3--glucanase. Furthermore, by integration of the 1 H NMR signals representing H-1 of glucopyranose at the reducing end and linkage, the average DP value of LB-1 was estimated to be 13. This result is comparable to the value, approximately 12, determined using the Somogyi-Nelson and phenol-H 2 SO 4 methods.
The immune function induced by -glucans is first mediated via its receptors on monocytes. 1) A relatively wide range of -glucans appear to be recognized by specific receptors, such as CR3 (CD11b/CD18) and dectin-1, on monocytes or macrophages to release cytokines. [27] [28] [29] It was shown recently that enzymatically depolymerized -glucan (DP ! 4) from laminarin derived from Laminaria digitata induces TNF-production from monocytes, which perhaps contributes to inhibition of U937 cell growth. 15) Based on the morphological change in U937 cells, perhaps the monocyte-conditioned medium causes apoptotic cell death. Similarly, perhaps TNF-release by monocytes was induced by LB-1, and inhibited the proliferation of U937 cells, due to its apoptotic effect. Considering that the receptor has greater affinity for the branched polysaccarides in general, 1) this is in good agreement with the results of the monocytestimulating ability of the hydrolytic product of LB, whose ratio of -1,6-branches is higher than that of laminarin derived from Laminaria digitata ( Table 1) . Although U937 cells have CR3 receptors, both Miyanishi et al. 15) and we showed that the -glucan oligomers had no direct effect on the proliferation of U937 cells. These results indicate that non-CR3 receptor(s) can specifically interact with the -glucan oligomers. In addition, our results showed that the hydrolytic products of LI, which has linear -1,3-and -1,4-linkage without branching, have little or no activity. It is interesting to note that a recently identified -glucan receptor, dectin-1, can recognize not only -1,3-but also -1,6-linked glucans. [29] [30] [31] Although the correlation of LB with dectin-1 is unknown, the binding of LB-1 to one of the -glucan receptors might induce cytokine release.
In the present report, we provide structural information on the hydrolytic product of laminarin from Eisenia bicyclis, which stimulates human monocytes to inhibit the proliferation of human leukemia U937 cells. This type of inhibitory activity is due to the cytotoxic activity of monocytes induced by -glucan. In addition, it has been shown that monocyte-stimulating ability is sensitive to -glucan conformation. 5, 7, 32) But the present NMR analysis in solution indicates that the respective chemical shifts of LB-1 are similar to those of LB itself, indicating that the higher order structure is not essential for cytotoxic activity induced by LB-1. The DP value and/or the branched structure of LB-1 might be critical for the stimulation of monocytes to inhibit the proliferation of U937 cells. Because LB-1 is soluble and can easily be prepared, it should also be useful for commercial application.
